Objective: Stereotactic electroencephalography (SEEG) is used for the evaluation and identification of the epileptogenic zone (EZ) in patients suffering from medically refractory seizures and relies upon the accurate implantation of depth electrodes. Accurate implantation is critical for identification of the EZ. Multiple electrodes and implantation systems exist, but these have not previously been systematically evaluated for implantation accuracy. This study compares the accuracy of two SEEG electrode implantation methods. Methods: Thirteen "technique 1" electrodes (applying guiding bolts and external stylets) and 13 "technique 2" electrodes (without guiding bolts and external stylets) were implanted into four cadaver heads (52 total of each) according to each product's instructions for use using a stereotactic robot. Postimplantation computed tomography scans were compared to preimplantation computed tomography scans and to the previously defined targets. Electrode entry and final depth location were measured by Euclidean coordinates. The mean errors of each technique were compared using linear mixed effects models. Results: Primary analysis revealed that the mean error difference of the technique 1 and 2 electrodes at entry and target favored the technique 1 electrode implantation accuracy (P < 0.001). Secondary analysis demonstrated that orthogonal implantation trajectories were more accurate than oblique trajectories at entry for technique 1 electrodes (P = 0.002). Furthermore, deep implantations were significantly less accurate than shallow implantations for technique 2 electrodes (P = 0.005), but not for technique 1 electrodes (P = 0.50). Significance: Technique 1 displays greater accuracy following SEEG electrode implantation into human cadaver heads. Increased implantation accuracy may lead to increased success in identifying the EZ and increased seizure freedom rates following surgery.
| INTRODUCTION
The two major principles governing the presurgical evaluation of patients with focal medically refractory epilepsy are (1) the localization/definition of the anatomical extent of the epileptic focus and (2) determining its relationship with functional cortical and subcortical structures. The success in achieving these two goals, followed by a complete resection of the epileptogenic zone, has been shown to be the most important predictor of seizure freedom. [1] [2] [3] When noninvasive methods are incapable of providing accurate localization information, extraoperative invasive monitoring may be required.
The stereotaxic placement of depth electrode (stereoelectroencephalography [SEEG] ) was originally developed and popularized in France by Jean Tailarach and Jean Bancaud during the 1950s and has been mostly used in France and Italy, as the method of choice for invasive mapping in refractory focal epilepsy. [4] [5] [6] More recently, the method has gained popularity in centers outside Europe, earning worldwide clinical application. 7, 8 It has been demonstrated that the SEEG methodology enables precise recordings from deep cortical and subcortical structures, in multiple noncontiguous lobes, allowing bihemispheric explorations while avoiding the need for large craniotomies. [9] [10] [11] [12] [13] [14] [15] One of the main advantages of the SEEG method is the ability to achieve superior implantation accuracy in comparison to other methods of invasive monitoring, without direct visualization of the cerebral cortex via an open craniotomy. This is in part related to (1) the applied stereotactic guiding device, (2) the type of stereotactic registration, and (3) the depth electrode implantation technique. The accuracy related to different types of stereotactic guiding devices (frame or frameless-based) and different types of registration modalities (scalp fiducials, implantable skull fiducials, face landmarks, etc) are well described in the literature, [16] [17] [18] but the comparisons among different types of depth electrode implantation techniques are not clearly defined and validated. Currently, there is a relative variety of implantation techniques across many centers, whether applying different electrode diameters, applying (or not) previous guiding stylets, or implanting (or not) previous guiding bolts, directing the final electrode trajectories. The overall goal of this study is to evaluate and compare the implantation and tracking accuracy of different implantation techniques for the placement of depth electrodes, clinically used in patients with medically refractory epilepsy, in a cadaveric human model.
| MATERIALS AND METHODS
The first specific goal of this study was to evaluate and compare the final implantation accuracy of two SEEG implantation techniques (named "technique 1" and "technique 2") at a variety of supratentorial trajectories. Technique 1 involved the implantation of a depth electrode (without an internal stylet) following the implantation of a guiding bolt and a guiding external stylet (priming the intracerebral pathway for the final depth electrode implantation). Technique 2 involved the implantation of a depth electrode (with an internal stylet) guided by the stereotactic device, without the guiding bolt and the guiding external stylet (see Section 2.1 Implantation Strategies and Figure 1 ). When executing two implantation passages (as in technique 1, guiding stylet followed by final depth electrode), there is a concern that two different passages are created, potentially increasing the procedure morbidity. To address this concern, the second specific goal was to assess the tracking accuracy of the depth electrodes used when the method of choice included the performance of two intracranial passages (technique 1). Tracking accuracy was defined as the propensity of the electrode to travel within a tract, created in the brain parenchyma by a stylet prior to implantation of the final depth electrode. In this study, the tracking accuracy was obtained by comparing the final target coordinates of the implanted stylet with the final target coordinates of the implanted electrode used in technique 1.
| Implantation strategies

| Technique 1
The electrodes applied in technique 1 have no internal stylets (0.8 mm in diameter, 10-14 cylindrical platinum-iridium contacts [surface area = 5.0 mm 2 ] at 3.5-mm intervals [center to center; Dixi Medical, Chaudefountaine, France]). The following implantation technique was applied for each specimen:
1. Acquisition of preimplantation computed tomography (CT) scan.
Key Points
• Implantation accuracy is critical in the placement of SEEG electrodes for successful electrophysiologic recordings to occur • Comparisons between the accuracy of surgical implantation techniques have not been previously described • One implantation technique that utilizes a cranially fixed guide bolt is more accurate than another technique that does not 2. Planning of trajectories (symmetrical trajectories in right and left hemispheres) applying the robotic stereotactic software. 3. Attachment of the cadaver specimen to the stereotactic device. 4. Specimen facial laser registration. 5. Through the stereotactic guiding system (ROSA robot instrument guide; Medtech Surgical, New York, New York), perforation of skin and skull using 2.1-mm drill bit. 6. Through ROSA, opening of the dura mater using a 1.8-mm probe. 7. Through ROSA, screwing the guiding bolt on the skull. 8. Through the guiding bolt, insertion of the temporary guiding stylet into the intracranial space to the predefined target. 9. Removing the temporary stylet and, through the anchor bolt, insertion of the depth electrode into the intracranial space to the predefined target. 10. Screwing the electrode cap on each guiding bolt. 11. Repeating steps 5-10 for the 12 remaining electrodes.
| Technique 2
The electrodes applied in technique 2 have internal stylets (1.5 mm in diameter, 10-14 cylindrical platinum-iridium contacts [surface area = 5.0 mm 2 ] at 2.5-mm intervals [center to center; Integra, Plainsboro, NJ]). The following technique was applied for each specimen:
1. Acquisition of preimplantation CT scan.
2. Planning of trajectories (symmetrical trajectories in right and left hemispheres), applying the robotic stereotactic software. 3. Attachment of the specimen to the stereotactic device. 4. Facial laser registration of the specimen. 5. Through the stereotactic guiding system (ROSA robot instrument guide), perforation of skin and skull using 2.1-mm drill bit. 6. Through ROSA, opening of the dura mater using a 1.8-mm probe. 7. Through ROSA, insertion of the depth electrode. 8. Careful fixation of the electrode on the skin adjacent to the insertion point, applying 3-0 nylon suture. 9. Repeat steps 5-8 for the remaining 12 electrodes.
| Experimental design
Four fresh human cadaver heads were used. On each cadaver specimen, left and right hemispheres were implanted with depth electrodes. On each side, 13 symmetrical predefined anatomical locations were evaluated, with similar entry and target locations. Based on this information, there were 26 anatomical locations for each cadaver head (13 × 2 hemispheres) for a total of 104 observations (26 × 4 cadaver heads) for analysis. There were no missing values for planned or actual measures.
The 13 evaluated supratentorial anatomical locations were selected to simulate common trajectories (including entry and target points) in clinical practice, and to reproduce deep (>50 mm in length) and shallow trajectories. Selected trajectories were defined as "orthogonal" in relation to the midsagittal plane defined by the anterior and F I G U R E 1 Implantation techniques. A, Technique 1: (a) The stereotactic robot is used to drill the initial burr hole in the skull (b) followed by fixation of a guide to the skull. (c) The stylet is then passed through the cranially fixed guide and removed without use of the stereotactic robot (d) followed by the implantation of the electrode through and fixation to the cranially fixed guide. B, Technique 2: (a) The stereotactic robot is used to drill the initial burr hole in the skull and then is used as the guide for implantation of the stylet/electrode complex. (b) The stylet is manually removed and the electrode is manually fixed in place via skin suture without the aid of the stereotactic robot posterior commissure line, or "oblique" for remaining trajectories ( Figure 2 ). For the accuracy comparison between techniques, a total of 52 electrodes were individually and randomly assigned to be implanted using technique 1 at the supratentorial target locations in the left or right hemisphere. Similarly, a total of 52 electrodes were implanted at the same targets in the opposite hemisphere of the same cadaver using technique 2, producing 52 pairs of implanted electrodes (13 pairs per cadaver head).
For the tracking accuracy analysis, CT scan images of the 52 implanted electrodes used in technique 1 and of the 52 corresponding implanted stylets were acquired and compared. The Euclidean distance between the final target coordinates of electrodes used in technique 1 and the final target coordinates of the corresponding stylets were measured on the postimplantation CT scans.
In addition, superimposed images of each technique 1 stylet and its corresponding electrode were used to identify gaps or divergence between the electrode and stylet tracks. A cross-sectional image of the location with greatest gap along the stylet length was generated. The maximum crosssectional area of the ellipse that circumscribes the stylet tract and the corresponding electrode tract, at the location with the largest gap, was calculated for each of the 52 implanted electrodes using technique 1 (if there was no gap identified, the area was calculated based on the diameter of the electrode). The maximum cross-sectional area of the ellipse that covered the stylet and electrode was calculated as demonstrated in Figure S1 , where "r" is the radius of the stylet and "s" is one-half the length of the major axis of the ellipse that circumscribes the stylet and the electrode tracks.
To analyze the effects of length of trajectory in the final accuracy, we analyzed two distinct groups: groups with trajectories shorter than 50 mm versus groups with trajectories longer than 50 mm. We applied 50 mm as the cutoff for this analysis based on common clinical experience, where there are an equal number of clinically relevant trajectories associated with both analyzed groups.
| Distances calculations
Differences between planned and observed entry points and targets were calculated by axis (x, y, and z), and the Euclidian distance between planned and observed points was calculated for each electrode type in both evaluated techniques ( Figure S2 ). Descriptive summaries of the observed differences by location were calculated. Euclidian distances (Equation 1) and differences by axis were calculated using frequencies and percentages.
Implantation accuracy for each electrode was evaluated by calculating the error for each electrode (the Euclidean distance between the final position of the electrode, in three dimensions, and its target location). The difference in errors, d ij , between a pair of technique 1 and technique 2 electrodes was calculated as shown in Equation 2.
where x ij is the Euclidian error of the technique 2 electrode for target location j in cadaver head i, and y ij is the paired error for the technique 1 electrode in the same target location in the opposite hemisphere of the same cadaver head. The mean difference in errors will be calculated as shown in Equation 3 .
| Statistical analysis
The mean errors of technique 1 and technique 2 were compared with a noninferiority test. Specifically, a one-sided, paired two-sample t test was used to compare all errors using a significance level of α = 0.025. The sample size was calculated to yield a 90% probability of rejecting the null hypothesis when the true mean difference in errors is zero, conservatively assuming a standard deviation of s = 2.0 mm and a correlation of ρ = 0.2 between paired errors (we expect the correlation of paired errors from two different devices to be smaller than the correlation of paired errors from the same device). These assumptions yield a standard deviation of the differences in errors of 
A sample size of 52 yields a 91.8% probability of rejecting the null in favor of the alternative when the true mean difference is zero.
Differences between planned and observed entry points and targets were calculated by stereotactic axis, and the Euclidian distance between planned and observed points was calculated. Descriptive summaries of the observed differences by location were calculated. Euclidian distances and differences by axis were shown using frequencies and percentages.
Linear mixed effect models were used to compare each predictor. Logarithmic transformation of the linear mixed effects model was used as the sensitivity analysis in comparing the implantation accuracy of the two implantation techniques. In these models, cadaver was treated as a random effect, and location within cadaver was treated as a fixed effect. This allows for the capture of two potential correlations within observations from the same specimen, and then between similar location points within each cadaver. For each model, the estimated mean Euclidian distance difference and 95% confidence interval were calculated for each electrode type, and the difference between predictors was calculated and tested against a null hypothesis of no difference between groups. Analysis was then repeated using each methodology separately. The models used were similar, but because each location was evaluated once, adjustment for this correlation was not necessary. Results were verified with a logarithmic transformation of the data to account of lack of normality.
A secondary analysis of the aforementioned data using the linear mixed effect models was conducted to study the effect of orthogonal versus oblique electrode trajectories as well as the effect of long versus short implantation depth on implantation accuracy. Analyses were performed using SAS software (version 9.3; SAS Institute, Cary, North Carolina) and Stata (version 13; StataCorp, College Station, Texas). A significance level of 0.05 was assumed for all comparisons.
| RESULTS
| Implantation accuracy
The results of the linear mixed effects model previously described are shown in Table 1 , reported as mean (95% confidence interval). At the entry point, technique 1 showed statistically significantly smaller errors compared to technique 2 (P < 0.001, one-sided paired two-sample t test). At the target point, and following similar results, errors in technique 1 were statistically significantly smaller when compared with errors at the target point when applying technique 2 (P < 0.001).
Whereas the overall Euclidian distance error was significantly smaller for technique 1, differences in the individual stereotactic axes (x, y, z) were more variable. In addition, the differences between techniques at the target points were more pronounced than the differences at the entry points (Table 1) . More specifically, when we examined the individual axes for entry points, we found no significant difference between groups on the x axis, statistically significantly smaller errors for technique 1 on the y axis (P < 0.001) and statistically significant larger errors for technique 1 on the z axis (P = 0.031), although errors on the z axis were almost negligible for both techniques. For target points, technique 1 demonstrated statistically significant smaller errors on both the x axis (P = 0.004) and y axis (P < 0.001). No significant difference between groups was observed in the z axis at the target. Table 2 shows the results of a logarithmic transformation of the linear mixed effects model, which demonstrated similar results to the untransformed data. 
| Tracking accuracy
| Length and orientation
We applied 50 mm as the threshold for an analysis of deep versus shallow implantation accuracy, based on common clinical experience, where there are an equal number of clinically relevant trajectories associated with both analyzed groups. The top half of Table 3 shows the results of the linear mixed effects models, which demonstrated that the actual position of the technique 1 electrodes significantly differed from the planned targets on the y axis when targets were at depths > 50 mm versus depths < 50 mm (P = 0.044). The bottom half of Table 3 shows the results of the same model for the technique 2 electrodes. The overall Euclidian position of the technique 2 electrodes significantly differed from the planned targets when the targets were at depths > 50 mm versus depths < 50 mm overall (P = 0.005) as well as the individual x axis (P = 0.029). These results were upheld in the sensitivity analysis with log-transformed data. Similar to the previous analysis, the top half of Table 4 shows the results of linear mixed effects models, which demonstrated the effect of orthogonal and oblique trajectories on electrode implantation accuracy. For technique 1, this analysis showed that orthogonal electrodes were significantly more accurate than oblique electrodes on the x axis (P = 0.02), and overall (P = 0.002) at the entry point, as well as on the y axis (P = 0.015) and overall (P = 0.006) at the target. In the analysis of technique 2 electrodes, the orthogonal trajectory was found to be more accurate than the oblique trajectory at only the x axis entry point (P = 0.041; Table 4 ).
| DISCUSSION
Implantation accuracy is one of the key intrinsic hallmarks of the SEEG technique and methodology. In the SEEG planning phase, trajectories are chosen based on data from seizure semiology and noninvasive preimplantation results. 8 As these targets are precisely chosen to individually fit clinical scenarios, even implantation errors of a few millimeters may result in misleading recordings, from an entirely different cortical area. Consequently, inaccurate implantations will likely result in inadequate anatomoelectroclinical correlations and therefore suboptimal seizure-free outcome and higher complication rates. More than in any other modality of extraoperative invasive recordings, accuracy in SEEG is essential.
SEEG electrode implantation accuracy has been the subject of many studies; however, these studies have mainly focused on implantation devices such as robotic guidance systems, and frame and frameless guidance systems. [19] [20] [21] [22] In addition, a systematic review and meta-analysis recently found that due to differences in outcomes reporting and heterogeneity in study design, it is difficult to systematically compare these tools for accuracy using the current 
T A B L E 2 Summaries of
geometric mean distances and ratios between groups based on analysis performed on log-transformed data with an offset of 0.10 published literature. 23 They found that there exists a small amount of level 4 evidence that robotic guidance systems are superior to frameless and frame-based systems, but these data are yet to be verified by prospective control trials. A comparative controlled study, matching two different implantation techniques, as presented in the current study, is absent in the literature. The results demonstrated that technique 1 was significantly more accurate than technique 2, at both entry and target points. The differences between the two techniques that can account for the deviation in accuracy are the application of the "guiding bolt" and the "external guiding stylet," both part of technique 1 and absent in technique 2. With regard to the use of the "guiding stylet," this stylet was inserted and removed from the intracranial space prior to insertion of the final electrode. Conversely, in technique 2, the electrode is a sheath for the internal stylet, as they are implanted together and then the stylet is removed from the electrode lumen while the electrode is manually held in position. To explain the difference in accuracy based on the implantation technique, we can speculate that the previous passage of a small diameter rigid stylet creates a clean pathway for the final electrode position, opening the several pial planes throughout the trajectory.
It is important to understand that the SEEG trajectories are selected specifically to traverse the most cortical gray matter available per trajectory, specifically targeting the cortex near sulci and pial planes, in close proximities with vessels and, consequently, with the adjacent pia and arachnoid. The rigid and small diameter stylets are sufficient to open these planes without perforating arteries and veins, creating an optimal and safe initial trajectory that is precisely used to guide the final depth electrode. The depth electrode, without the previous stylet passage, likely is not imbued with sufficient rigidity to safely create a straight passage. As a consequence, it shifts away from the original optimal trajectory, generating implantation inaccuracies and potential complications. The current analyses revealed that the insertion and removal of a tracking stylet prior to the implantation of a depth electrode (technique 1) resulted in accurate electrode implantation. The electrode deviated from the stylet track by only 1 mm <6% of the time. Furthermore, the cross-sectional area of these implantations was smaller than the physical dimensions of larger diameter depth electrodes (as the electrode in technique 2), demonstrating that the additional passage of the guiding stylet does not result in additional tissue damage due to the double passage procedure (the stylet and the final electrode). Similarly, the guiding bolt is the second element in the implantation technique that promotes a better placement accuracy by preserving the final stereotactic coordinates originally set by the stereotactic device, during the fixation stage. In clinical practice, the guiding bolt also prevents the possibility of cerebrospinal fluid leakage, preventing infections during prolonged monitoring periods. Additional analyses demonstrated that orthogonal trajectories to the skull are more accurate than oblique trajectories. One source of error during implantation is the propensity of the drill to deflect off of the cranium during creation of the pinhole, thereby disrupting the trajectory of implantation. Drilling perpendicular to the skull reduces the risk of deflection compared to drilling at an angle, thereby allowing for a more accurate implantation. Intuitively, longer/deep trajectories might be associated with less accuracy. Interestingly, the analyses also revealed that longer/ deep implantations (>50 mm) for technique 1 were not significantly less accurate than shorter/shallow trajectories. In contrast, deep trajectories (>50 mm) for technique 2 were significantly less accurate at the target than shallow implantations. This would suggest that there was a larger error in the angle of implantation in technique 2, which is magnified with more distant target points. This difference may again be accounted for by the use of the guiding bolt in technique 1.
| CONCLUSION
We found that the depth electrode implantation technique applied in technique 1 resulted in more accurate implantations at entry and target compared to the technique applied in technique 2. The novel stylet system used in technique 1 was also an accurate means of electrode implantation. Additional analysis showed that orthogonal trajectories are more accurate than oblique trajectories, and that deep implantations are as accurate as shallow implantations for technique 1 but not for technique 2. The authors call for more research into the intricacies of SEEG electrode implantation methodologies to optimize these procedures for accuracy, patient safety, and outcomes.
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